In Caulobacter crescentus, timely degradation of several proteins by the ClpXP 25 protease is critical for proper cell cycle progression. During the cell cycle, the 26 ClpXP protease, the substrate CtrA and many other proteins are localized to the 27 stalked pole dependent on a polar interaction hub composed of PopZ protein 28 oligomers. Prior work suggests that the localization of ClpXP, protease 29 substrates, and cofactors is needed for recognition of substrates such as CtrA by 30
INTRODUCTION 59
Proteolysis plays an important role in facilitating cell cycle progression and 60 various developmental transitions in bacteria. Examples are: cell cycle 61 progression in Caulobacter crescentus (Caulobacter hereafter) and cellular 62 transition from vegetative to sporulation stage in Bacillus subtilis (1) (2) (3) (4) . The cell 63 cycle of Caulobacter starts with a replication incompetent motile swarmer cell 64 (G1-like phase). In response to developmental cues, the swarmer (SW) cell 65 differentiates into a stalked (ST) cell. The ST cell is capable of replication and 66 division to give birth to a new SW cell. Following replication and asymmetric 67 division the mother ST cell immediately starts DNA replication and another round 68 of cell division whereas the new born SW cell again has to differentiate into ST 69 cell in order to continue its cell cycle (5, 6) . To maintain such stringent control 70 during SW-to-ST transition, levels of many proteins, including a protein called 71
CtrA, change dramatically (3, 7) . 72
73
CtrA is a transcriptional factor that controls transcription of ~95 genes and also 74 functions as an inhibitor of DNA replication (8, 9) . In SW cells, CtrA is 75 phosphorylated by a membrane-bound bifunctional kinase CckA via the 76 phosphotransferase ChpT (10-12). The phosphorylated CtrA binds tightly to DNA 77 at chromosomal origin of replication (oriC) to block the initiation of replication (3, 78 8, 12) . The same CckA-ChpT kinase pathway also phosphorylates the ClpX 79 adaptor and response regulator CpdR in the SW cell which functionally 80
inactivates it (12) (13) (14) (15) . During the SW-to-ST transition, the same CckA-ChpT 81 cascade dephosphorylates both CtrA and CpdR via shuttling of the phosphoryl 82 groups back to CckA (16, 17) . The dephosphorylated CpdR then drives 83 localization of ClpXP protease to the stalk pole (13). In parallel with this, other 84 cofactors, PopA and RcdA, were shown to localize CtrA to the same stalk pole 85 (18, 19) . This convergent localization of ClpXP protease and the CtrA substrate 86 at the stalk pole was postulated to increase the local concentration of the 87 protease and the substrate leading to the degradation of CtrA (19, 20) . The 88 destruction of CtrA then allows the assembly of replication machinery at oriC, 89 which then initiates the replication process. 90 91 A pole organizing protein, called PopZ (Polar Organizing Protein-Z), was 92 identified in recent years. PopZ functions as a scaffold to recruit the accessory 93 factors and the protease complex involved in CtrA degradation at the stalked 94 pole (21). Besides serving as a scaffold, PopZ also anchors sister chromosomes 95 at the stalked pole by directly binding to ParB, which is associated with oriC 96 during chromosome segregation (22, 23) . It also mediates polar localization of 97 proteins involved in cellular signaling including both the transmembrane histidine 98 kinase CckA and the DivJ protein through SpmX binding (23, 24 
MATERIALS AND METHODS 139
Bacterial culture conditions and plasmid construction. E.coli and 140
Caulobacter strains used in the study are tabulated in Table 1 . E. coli strains 141 were grown in LB media at 37 °C with the appropriate antibiotic (50 µg/ml 142 kanamycin, 15 µg/ml tetracycline, 30 µg/ml chloramphenicol). Caulobacter 143 strains were grown in Peptone-Yeast-Extract (PYE) media at 30 °C with the 144 appropriate antibiotic (1 µg/ml tetracycline, 1 µg/ml chloramphenicol, 5 µg/ml 145 kanamycin). PdeA and PopZ was PCR amplified and cloned into pENTR 146 plasmids. The insert was then moved into xylose-inducible expression plasmids 147 which append an M2-epitope tag on the N-terminus of the protein using 148
Gateway-based cloning (28). Microscopy was performed as described previously 149 (4, 15) . we observed that CtrA was degraded even more rapidly in ΔpopZ than in 186 wildtype cells ( Fig. 1A and 1B) . CtrA stability and cell morphology were restored 187 to those of wildtype cells when this ΔpopZ strain was transformed with a plasmid 188 expressing the protein PopZ, suggesting that the enhanced degradation of CtrA 189
in ΔpopZ strain is due to specifically to loss of PopZ (Fig. 1A, 1B and 1C) . 190
Together, these results suggest that the scaffolding protein PopZ restrains CtrA 191 degradation and support our in vitro work where CpdR, RcdA, PopA-cdG 192 physically interact even in the absence of subcellular localization to stimulate 193
ClpXP-mediated degradation of CtrA ( Fig. 1D and (4)). ΔpopZ cells compared to wildtype cells suggesting that the stimulation of CtrA 203 degradation is specific to changes in adaptor activity ( Fig. 2A and 2B ). To 204 examine whether protein degradation is globally stimulated in ΔpopZ cells, we 205 monitored degradation of a ClpXP-independent substrate DnaA. Degradation of 206
DnaA was unaffected in ΔpopZ cells compared to wildtype cells suggesting that 207 the enhancement in degradation in ΔpopZ cells is specific to ClpXP-dependent 208 substrates ( Fig. 2C and 2D ). Therefore, we next set out to examine if changes in 209 adaptor activity explained the increased CtrA degration in ΔpopZ cells. ΔpopZ cells ( Fig. 3A and 3B ). These results point to a conclusion that ClpXP is 222 constitutively activated at the CpdR adaptor level. 223
224
CpdR is epistatic to PopZ in CtrA degradation pathway. The adaptor CpdR is 225 required for stimulation of CtrA degradation both in vivo and in vitro (4, 13, 14) . 226
We reasoned that since CpdR appears to be constitutively in ΔpopZ cells, 227 deletion of CpdR in this background should result in loss of CtrA degradation. To 228 test this hypothesis we made a ΔcpdRΔpopZ double knock out strain by 229
transducing ΔcpdR:tet into the ΔpopZ strain using ϕCr30 phage. As expected, 230
CtrA degradation was stabilized in ΔcpdRΔpopZ double knockout background 231 similar to that in ΔcpdR strain (Fig. 4A) . Microscopy experiments confirmed 232 delocalization of CpdR-YFP in the ΔpopZ and ΔcpdRΔpopZ cells ( Fig. 4B and 233 (21)). CtrA degradation was restored by complementing ΔcpdRΔpopZ strain with 234 a plasmid expressing the CpdR protein suggesting that the loss of CtrA 235 degradation in ΔcpdRΔpopZ strain could be attributed solely to loss of CpdR 236 ( Fig. 4C ). CpdR activity is regulated by phosphorylation as a nonphosphorable 237
CpdR (CpdR-D51A) prolifically delivers CtrA for degradation (13). Consistent with 238 this, expression of CpdR-D51A in ΔcpdRΔpopZ strain increases CtrA 239 degradation even more than WT (Fig. 4C ). Taken together, these results suggest 240 that the adaptor protein, CpdR, is absolutely required for CtrA degradation in 241
ΔpopZ cells. ClpX to these polar zones (21). To determine if prolific polar recruitment affects 247 substrate degradation, we monitored CtrA degradation in strains overexpression 248
PopZ. Because we had found that loss of PopZ results in increased CtrA 249 degradation, we were surprised to find that overproduction of PopZ also results in 250
faster CtrA compared to wildtype cells ( Fig. 5A and 5B ). This stimulation was 251 specific to CtrA; PdeA degradation was not affected ( Fig. 5A and S1 ). 252
Overexpression of PopZ did not compromise protein degradation globally as 253 degradation of a ClpXP-independent substrate, DnaA, remained unaffected (Fig. 254 5A and S1). 255
256
Why is CtrA degradation stimulated upon PopZ overexpression but PdeA is not? 257
We considered this result in light of the fact that PdeA absolutely requires CpdR 258 for degradation both in vivo and in vitro (15, 31) while ClpXP alone can degrade 259 purified CtrA in vitro (32). Our working model is that overexpression of PopZ 260
forces ClpX and CtrA to the poles to increase local concentration sufficiently to 261 allow for the recognition of CtrA directly by ClpXP. If this is true, then this 262 overexpression should bypass the need for CpdR. Indeed, we found that CtrA, 263 which is stable in ΔcpdR cells as expected, was degraded in ΔcpdR cells 264 overproducing PopZ (Fig 5C and 5D ). Importantly, PdeA was stable in the 265 absence of CpdR, regardless of PopZ overexpression. Together these results 266
suggest that forcing recruitment of the protease and the substrate by 267 overexpressing PopZ is sufficient to bypass the need for adaptors when the 268 substrate can be directly recognized by the protease. 269
270

DISCUSSION 271
In this work, we explored if polar localization of the ClpXP protease is critical for 272 its activation in Caulobacter. Prior genetic experiments showed that the adaptors 273 CpdR/RcdA/PopA are necessary for normal CtrA degradation in vivo and 274 microscopy-based experiments showed these factors facilitated localization of the ClpXP protease and the CtrA substrate to the stalked pole presumably to aid 276 in degradation (13, 18, 19) . Recent in vitro reconstitution experiments showed 277 that all these accessory factors work together as biochemical adaptors 278 enhancing the affinity of CtrA for ClpXP (4, 14) . We found that CtrA is degraded 279 rmore rapidly in cells lacking the PopZ protein compared to wildtype. The fact 280 that the degradation of other CpdR and RcdA-dependent substrates is also 281 enhanced in ΔpopZ cells supports a model where polar localization mediated by 282
PopZ protein might be critical for restraining adaptor-mediated protein 283 degradation rather than driving degradation. 284
285
CckA is a membrane-bound bifunctional histidine kinase. Autophosphorylation of 286
CckA results in phosphorylation of both CtrA and CpdR via the 287 phosphotransferase ChpT (10-12). When bound to cdG, CckA switches to a 288 phosphatase preferring state and dephosphorylates CtrA and CpdR (16, 17) . We thank Chien lab members for helpful discussions. K.K.J thanks Amrita 316
Palaria for helpful comments and discussions. We also thank Christine Jacobs-317 
